Influenza virus-like particles (VLPs) are a promising cell culture-based vaccine, and the skin is considered an attractive immunization site. In this study, we examined the immunogenicity and protective efficacy of influenza VLPs (H1N1 A/PR/8/34) after skin vaccination using vaccine dried on solid microneedle arrays. Coating of microneedles with influenza VLPs using an unstabilized formulation was found to decrease hemagglutinin (HA) activity, whereas inclusion of trehalose disaccharide preserved the HA activity of influenza VLP vaccines after microneedles were coated. Microneedle vaccination of mice in the skin with a single dose of stabilized influenza VLPs induced 100% protection against challenge infection with a high lethal dose. In contrast, unstabilized influenza VLPs, as well as intramuscularly injected vaccines, provided inferior immunity and only partial protection (<40%). The stabilized microneedle vaccination group showed IgG2a levels that were 1 order of magnitude higher than those of other groups and had the lowest lung viral titers after challenge. Also, levels of recall immune responses, including hemagglutination inhibition titers, neutralizing antibodies, and antibody-secreting plasma cells, were significantly higher after skin vaccination with stabilized formulations. Therefore, our results indicate that HA stabilization, combined with vaccination via the skin using a vaccine formulated as a solid microneedle patch, confers protection superior to that with intramuscular injection and enables potential dose-sparing effects which are reflected by pronounced increases in rapid recall immune responses against influenza virus.
Influenza is a major health threat among infectious diseases, posing a significant burden for public health worldwide. Over 200,000 hospitalizations and approximately 36,000 deaths are estimated to occur annually in the United States alone (48, 49) . Vaccination is the most cost-effective measure for controlling influenza. However, the influenza vaccine needs to be updated and manufactured every year due to changes in circulating viral strains. Current influenza vaccines rely on egg substrate-based production, a lengthy process with limited capacity that can cause shortages in available vaccine supplies. The recent 2009 outbreak of H1N1 influenza virus is a good example of the urgent need to develop a more effective vaccine platform and vaccination method (38) .
Influenza virus-like particles (VLPs) have been suggested as a promising alternative candidate to current influenza vaccines. Influenza VLPs are noninfectious particles that mimic the virus in structure and morphology, can be produced using an egg-free cell culture system, and have been shown to be highly immunogenic, inducing protective immunity (9, 15, 19, 27, 35, 41, 42, 44) . Most current vaccines are administered intramuscularly to humans in liquid formulations using hypo-dermic needles or syringes. Another strategy to meet the potential need for mass vaccination would be to develop an effective method for vaccine delivery to the skin (4, 8, 32, 50, 52) . The skin is considered an important peripheral immune organ rich in potent immune-inducing cells, including Langerhans cells (LCs), dermal dendritic cells (DCs), and keratinocytes (5, 13, 14, 22) . LCs and DCs residing in the epidermal and dermal layers of the skin have been shown to play an important role in antigen processing and presentation following skin immunization (1, 13, 14, 22) . Intradermal (ID) vaccination delivering antigens to the dermal layer of the skin has been performed in many clinical studies and have demonstrated dose-sparing effects in some cases (4, 28, 29) . Particularly, ID delivery of vaccines might be more effective in the elderly population (50) , the highest risk group for influenza epidemics (49) . However, ID delivery of vaccines using hypodermic needles is painful and needs highly trained medical personnel. In addition, more frequent local reactions at the injection site were observed after ID delivery. Therefore, a simple and effective approach for vaccination without using hypodermic needles would be highly desirable.
To overcome the skin barrier of the outer layer of stratum corneum, solid microneedles were previously coated with inactivated influenza viruses and used to successfully deliver vaccines to the skin, which provided protection comparable to that with conventional intramuscular immunizations (32, 52) . Other vaccines have also been delivered using microneedles (17, 17a) , but VLPs have never been used this way before. Delivery of a powdered form of inactivated influenza vaccines to the skin has also been demonstrated using a high-speed jet delivery device (10) . These previous studies used high doses of vaccines, possibly due to the instability of vaccines in dry formulations.
Influenza hemagglutinin (HA) is responsible for attachment of the virus to sialic acid-containing receptors on target cells. However, it is not well understood how functional activity of HA affects the immunogenicity of influenza VLP vaccines. For the first time in this study, we investigated the effect of HA stability, immune responses, and protective efficacies of solidmicroneedle VLP vaccines containing H1 HA as a major influenza viral component after delivery to the skin in comparison to results with intramuscular immunization. We found that the functional integrity of HA in influenza VLPs significantly influenced the immunological and protective outcomes for both microneedle and intramuscular vaccination. In addition, we have observed differential outcomes contributing to the protective immunity by the delivery of HA-stabilized VLPs to the skin in terms of the types of immune responses, recall antibody responses, and viral clearance at an early time point after challenge compared to those induced by intramuscular immunization.
MATERIALS AND METHODS

Virus and cells. Influenza virus A/PR/8/1934 (H1N1; abbreviated as A/PR8
) was grown in 10-day-old embryonated hen's eggs for 2.5 days at 36 to 37°C. Allantoic fluid was harvested from infected eggs after being stored overnight at 4°C and centrifuged to remove cell debris. The virus was purified from allantoic fluid by using a discontinuous sucrose gradient (15%, 30% and 60% layers) and ultracentrifugation (at 28,000 rpm for 60 min). The purified virus was inactivated by mixing the virus with formalin at a final concentration of 1:4,000 (vol/vol) as described previously (44) . For use in challenge experiments, mouse-adapted A/PR8 was prepared as lung homogenates of infected mice. Spodoptera frugiperda Sf9 cells were maintained in suspension in serum-free SF900II medium (Gibco-BRL). MDCK cells were grown and maintained in Dulbecco's modified Eagle's medium (DMEM).
Preparation of influenza VLPs and microneedle vaccines. Influenza VLPs containing HA and M1 proteins derived from A/PR8 were prepared as described previously (44) . Briefly, Sf9 insect cells were coinfected with recombinant baculoviruses (BVs) expressing HA and M1 at multiplicities of infection of 2 and 1, respectively. Since insect cells rarely add sialic acids to N-glycans during posttranslational modification (33) , VLPs containing HA without neuraminidase expression are effectively released from the insect cell surfaces, as demonstrated in previous studies (15, 44) . The purified VLPs were characterized by Coomassie blue staining, Western blotting, and hemagglutination activity analysis, as shown in Fig. 1 . The content of HA was approximately 10% of total proteins of influenza VLPs, which is similar to that found in a previous report (46) . Microneedle preparations and coatings were performed as described previously (17, 32, 52) . Influenza VLPs (0.35 g of total protein) were coated onto a microneedle array with five needles in the presence or absence of a trehalose disaccharide stabilizer (15%, wt/vol; Sigma Aldrich) (30) . Microneedles coated with VLP vaccines were either used directly to vaccinate animals or dissolved in phosphate-buffered saline (PBS) to reconstitute VLPs from microneedles for characterization of the VLP vaccines and to serve as controls for intramuscular immunization. Unprocessed influenza VLPs were also used intramuscularly as intact vaccine controls (IM-intact). Finally, mock vaccination was carried out with microneedles using a coating solution without VLP vaccine.
Immunization and challenge infection. Female inbred BALB/c mice (Charles River) aged 6 to 8 weeks were used. Groups of mice (12 mice per group) were immunized with a microneedle array coated with VLP vaccine (0.35 g of total VLP protein) for delivery to the skin or intramuscularly immunized with reconstituted vaccine (0.35 g/100 l) for intramuscular injection in the upper quadriceps muscles (each leg with 50 l). The four groups of immunized mice were as follows: microneedle vaccine groups without trehalose (MN) and with trehalose (MNϩT) and groups receiving intramuscular immunization of reconstituted vaccine in the absence of trehalose (IM) or presence of trehalose (IMϩT). For microneedle delivery, mice were anesthetized with ketamine (110 mg/kg of body weight; Abbott Laboratories) mixed with xylaxine (11 mg/kg; Phoenix Scientific). Hair on the dorsal surface of mice was removed by hair-removing cream (Nair) with a moisturized cotton stick. After the skin was cleaned with a soaked cotton ball (70% ethanol) and dried with a hair dryer, an array of vaccine-coated microneedles was inserted into the skin and held for 10 min for release of the vaccine antigen from the coated microneedles.
For challenge infections, mice lightly anesthetized with isoflurane were intranasally infected with a lethal dose of A/PR8 virus (100 50% lethal doses [LD 50 ]) in 50 l of PBS at 7 weeks after a single VLP vaccine dose. Mice were observed daily to monitor changes in body weight and to record mortality. We followed an approved Emory IACUC protocol for this study, in which animals losing more than 25% of body weight were euthanized.
Antibody responses and HAI titer. Influenza virus-specific antibodies of different isotypes (IgG, IgG1, IgG2a, and IgG2b) were determined by enzymelinked immunosorbent assay (ELISA) plates coated with A/PR8 viral antigen and by using anti-mouse IgG isotype-specific secondary antibodies, as described previously (44) . For determination of hemagglutination inhibition (HAI) titers, serum samples were first treated with receptor-destroying enzyme (Denka Seiken) by incubation overnight at 37°C and then incubated for 30 min at 56°C. Serum was serially diluted, mixed with 4 HA units (HAU) of influenza A/PR8 virus, and incubated for 30 min at room temperature prior to the addition of 0.5% chicken red blood cells. The reciprocal of the highest serum dilution preventing hemagglutination was scored as the HAI titer.
Neutralization, lung viral titer, and lung inflammatory cytokine assays. A virus neutralization assay was performed using MDCK cells (American Type Culture Collection) following a previously described procedure (44) . Lung viral titers at day 4 postchallenge were determined by counting plaques formed on the MDCK cells as described previously (44, 46) . 
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Set-Go cytokine kits (eBioscience) following the manufacturer's procedure, as previously described (44) .
Analysis of antibody-secreting B-cell and gamma interferon (IFN-␥)-producing T-cell responses.
Recall immune responses were determined from serum, lung, bone marrow, and spleen at day 4 postchallenge. Viral antigen-specific serum and lung IgG responses were determined using an ELISA as described above (44, 46) . To determine antibody-producing cell spots in vitro, bone marrow and spleen cells were cultured in multiscreen 96-well filtration plates (Millipore) coated with inactivated A/PR8 viral antigen in RPMI medium for 2 days (5 ϫ 10 5 cells per well), and cell spots were counted by an enzyme-linked immunospot (ELISPOT) reader as described previously (44) . To determine T-cell responses, spleen cells were harvested from immunized and mock control mice at day 4 postchallenge and used to determine IFN-␥ producing T-cell responses by ELISA. Briefly, spleen cells (10 6 cells per well of 96-well plates) were stimulated in vitro with A/PR8 hemagglutinin-specific peptides, a mixture of two major histocompatibility complex class I (MHC-I) peptides (IYSTVASSL and LYEK VKSQL) or a pool of five MHC-II peptides (SFERFEIFPKE, HNTNGVTAA CSH, CPKYVRSAKLRM, KLKNSYVNKKGK, and NAYVSVVTSNYNRRF). Anti-IFN-␥ antibodies for cytokine ELISA were purchased from BD/Pharmingen (San Diego, CA).
Statistics. All parameters were recorded for individuals within all groups. A two-tailed Student's t test was performed when two different conditions were compared. Statistical comparisons of three or more conditions were carried out using the correlation and regression test of the PC-SAS system (SAS Institute). A P value of less than 0.05 was considered to be significant.
RESULTS
Microneedles coated with influenza VLP vaccines.
VLPs are an attractive format of vaccine that has been demonstrated to be effective in inducing protective immunity against influenza virus infection (9, 15, 19, 27, 35, 41, 42, 44) . However, no previous studies have reported vaccination using influenza VLPs in the skin, which is an attractive alternative route of vaccination (5, 13, 14, 22) . Delivery of inactivated influenza virus vaccines to the skin using microneedles was recently shown to be a promising approach for needle-free vaccination (32, 52) . In this study, we used VLPs containing M1 and HA of A/PR8 virus as a model system for microneedle delivery of influenza VLP vaccine to the skin. The length of the microneedles used was approximately 700 m, a size that penetrates epidermal and dermal layers of skin, as described in previous studies (17, 30, 32, 52) .
The Coomassie blue-stained gel indicated that influenza VLPs contain HA as a major component in VLPs (Fig. 1A) . The content of HA in VLPs was found to be similar to that in influenza virus, and its estimated molecular weight was higher than that in the virus, as shown in Western blot analysis ( Fig.  1B) , indicating the uncleaved precursor form of HA. Influenza VLPs containing HA without neuraminidase have been shown previously to confer protection (44) .
To prepare microneedles coated with influenza VLP vaccines, microneedles were coated with influenza VLPs in suspension and air dried. Trehalose was previously shown to stabilize whole inactivated influenza vaccines and was tested as a stabilizer in the coating process (2, 23) . To determine the total protein present on the needle (Fig. 1C ) and associated hemagglutination activities (Fig. 1D) , we dissolved the VLP coating from microneedles in PBS. The amount of VLP protein coated on one array of five microneedles was approximately 0.35 g (Fig. 1C ). Hemagglutinin activities of VLP vaccines dissolved from coated microneedles with and without trehalose were approximately 58% and 6%, respectively, of the original unprocessed VLP vaccines (Fig. 1D ). Therefore, these results indicate that microneedle coating of VLP vaccines caused a significant decrease in HA activity and that the addition of trehalose preserved most of the HA activity after microneedle coating.
Microneedle VLP vaccination in the skin induces high levels of virus-specific antibodies. Groups of mice received VLP vaccination, and challenge experiments were then carried out as shown in Fig. 2A . Virus-specific antibody responses were determined in serum samples collected at weeks 1, 2, and 4 after a single vaccination. At an early time point (week 1), microneedle groups (MNϩT and MN) showed lower levels of antibody responses than groups intramuscularly immunized with stabilized VLP vaccines (IMϩT and IM-intact) ( Fig. 2B ). However, at week 4, the trehalose-stabilized microneedle group (MNϩT) showed the highest levels of virus-specific antibodies ( Fig. 2B) , which were 5-fold higher than those induced by the stabilized or intact intramuscular immunization group (IMϩT and IM-intact). Notably, the intramuscular immunization with a redissolved unstabilized microneedle vaccine showed the lowest levels of antibodies, which were 2-to 3-fold lower than those induced by stabilized intramuscular (IMϩT), intact IM, or the corresponding unstabilized microneedle (MN) immunization ( Fig. 2B ). To determine if there is a potential adjuvant effect of trehalose, additional groups of mice were intramuscularly immunized with intact VLPs (0.35 g) with or without 15% trehalose, and virus-specific antibody responses were determined (Fig. 2C ). No significant differences in antibody levels were observed between the groups with and without trehalose, indicating that trehalose does not have an adjuvant role.
Taken together, the results suggest that microneedle immunizations in the skin with VLP vaccines (MN and MNϩT) were more effective in inducing virus-specific antibodies than the corresponding intramuscular immunizations (IM and IMϩT). Also, the trehalose stabilization of influenza VLPs was found to be important for inducing higher levels of virus-specific antibodies than those obtained with intramuscular immunizations, resulting in potential dose-sparing effects.
Microneedle vaccination of stabilized VLP vaccine induces superior protection. To determine the efficacies of VLP vaccines, groups of mice including a mock control (microneedletreated without VLPs) were challenged with a high lethal dose of A/PR8 virus (100 LD 50 ) at 7 weeks after a single microneedle vaccination dose in the skin or intramuscular immunization ( Fig. 3 ). All mice in the mock control rapidly lost body weight and were euthanized by day 6 postchallenge. Intramuscular immunization groups with stabilized (IMϩT) or intact VLP vaccines exhibited 40 to 60% survival rates accompanied by significant body weight loss of 15 to 17%. Remarkably, the group immunized by microneedle vaccination in the skin with stabilized VLPs was 100% protected against a high lethal challenge dose and exhibited only a transient body weight loss of 7%. Vaccination with unstabilized influenza VLPs at a similar dose (0.35 g) in both the microneedle and intramuscularly immunized groups showed only 20% survival rates, with severe body weight loss in survivors. Microneedle vaccination with a 3-fold higher dose of influenza VLPs (1 g) induced 100% protection even in the absence of trehalose stabilization (Table  1) , which is consistent with results reported in previous studies 7762 QUAN ET AL. J. VIROL.
using inactivated virus vaccines showing protection with unstabilized antigen at higher doses (32, 52) .
To better assess the efficacy of vaccines, we determined the viral titers in lungs at day 4 postchallenge infection. The mock control group showed the highest viral titers, 2 ϫ 10 7 , which reflects the high dose of challenge virus. The microneedle vaccination with stabilized VLPs (MNϩT) significantly reduced lung viral titers by 1,000-fold compared to those in the mock control ( Fig. 3C) , whereas lung viral titers in the conventional intramuscular immunization groups with the stabilized (IMϩT) or intact (IM-intact) VLPs were only 30-to 60-fold lower than those in the mock control group. Importantly, lung viral titers in the unstabilized microneedle vaccination group (MN) were more than 50-fold higher than those in the stabilized microneedle group (MNϩT) although lung viral titers of the MN group were still 16-fold lower than those of the mock control group. In addition, significant levels of virus-specific lung IgG antibodies were observed at day 4 after challenge in the stabilized microneedle group but not in other groups (Fig. 3D ) (P Ͻ 0.005).
These results indicate that a single dose of VLP vaccination using microneedles in the skin was superior to conventional intramuscular immunization in inducing protection and in con-trolling lung viral replication. Thus, trehalose-mediated stabilization of influenza VLP vaccines during microneedle coating significantly contributed to providing effective protection.
Microneedle vaccination with influenza VLPs induces rapid recall antibody responses. To better understand the superior protective immunity induced by microneedle vaccination, isotypes of serum antibodies were determined at week 6 postvaccination and at day 4 after lethal challenge (Fig. 4) . Microneedle vaccination with the stabilized VLP vaccine (MNϩT) induced IgG2a antibody as a dominant isotype and showed that levels of IgG1 and IgG2b isotypes increased by 1 order of magnitude after challenge (Table 2) ( Fig. 4) . However, in groups without trehalose stabilization of VLP vaccines (IM and MN), IgG1 antibody was found to be the dominant isotype, with a trend toward higher levels of IgG1 in the microneedle immunization at an early time postchallenge (Fig. 4B) . Although intramuscular immunizations with either intact (IMintact) or stabilized (IMϩT) VLP vaccine induced all isotypes (IgG1, IgG2a, and IgG2b) at similar levels, there was a slightly decreased level of IgG2a antibody at day 4 postchallenge ( Fig.  4B and Table 2 ).
Therefore, our observations suggest that an effective IgG2a recall immune response and lung IgG antibody re- 
Microneedle vaccination with VLPs induces rapid increases in protective immune responses after lethal challenge. Functional antibodies such as hemagglutination inhibition (HAI)
and virus-neutralizing antibodies can provide better immune correlates for predicting protection than binding antibodies. HAI titers were determined from immune serum collected at weeks 1, 2, and 4 postvaccination and at day 4 postchallenge. HAI titers were low in all groups at week 1 or 2 postvaccination ( Fig. 5A) . At week 4, HAI titers of 80 were observed in the microneedle vaccination group with stabilized VLPs (MNϩT) but not in other groups. The same microneedle group (MNϩT) showed rapidly increased HAI titers to 320 at day 4 postchallenge, which were approximately 4-fold higher than titers of other groups (Fig. 5B ). However, the group intramuscularly immunized with intact VLPs (IM-intact) and other groups (IM and MN) did not show such an increase in HAI titers at day 4 postchallenge. Consistent with HAI titers, at day 4 postchallenge infection, the microneedle vaccination with stabilized VLPs (MNϩT) showed a rapid increas in neutralizing titers to 270, with approximately 100% plaque reduction (Fig. 6 ). Other groups immunized with unstabilized VLPs by microneedle (MN) or intramuscularly immunized with stabilized (IMϩT) or intact (IM-intact) VLPs showed only moder- a Groups of mice (n ϭ 5) were vaccinated with influenza VLPs (1 g or 0.35 g of VLPs) via microneedles coated without trehalose. After 7 weeks, mice were challenged with a lethal dose of A/PR8/1934 (100 LD 50 ) and observed daily to monitor changes in body weight and to record mortality (animals were euthanized after losing 25% in body weight to reduce suffering).
b Four out of 5 were eutharized on day 6.
ate increases in neutralizing titers of 90, with approximately 80% plaque reduction.
Since rapid increases in levels of serum functional antibodies were observed in the stabilized microneedle vaccination group (MNϩT) upon viral challenge, we wanted to determine the levels of antibody-secreting plasma cells. The stabilized influenza vaccines and microneedle vaccinations elicited higher levels of recall antibody-secreting spleen cells at day 4 postchallenge than those found by corresponding intramuscular immunizations (Fig. 7A ). Most notably, microneedle vaccination with stabilized VLPs (MNϩT) induced the highest levels of antibody-secreting cell spots in bone marrow, levels that were higher even than those induced by intramuscular immunization with stabilized (IMϩT) or intact influenza vaccine (IM-intact) (Fig. 7B ). Levels of IFN-␥ in culture supernatants of spleen cells were observed to be similar in both stabilized microneedle and intramuscular groups in response to the CD8 T-cell-stimulating MHC-I peptides, whereas the intramuscular group showed higher levels of IFN-␥ secretion upon stimulation with a pool of CD4 T-cell-activating MHC-II peptides (Fig. 8) . Therefore, these cytokine results indicate that no correlation was found between IFN-␥-producing T-cell responses and protection.
Overall, these results indicate that microneedle vaccination in the skin with stabilized VLPs is more effective in inducing rapid recall HAI and neutralizing antibody responses as well as antibody-secreting cells in spleen and bone marrow upon lethal challenge infection than conventional intramuscular immunization. The trehalose-mediated stabilization of influenza vaccines retaining HA functional activity during the microneedle coating process is an important factor for potential dose-sparing effects in inducing protective immunity.
DISCUSSION
The immunologic response to influenza VLPs after delivery to the skin has not previously been studied in a parallel comparison with intramuscular immunization. Influenza VLPs have a particulate structure which is too large to penetrate the intact skin (18) . An objective of this study was to overcome the barrier of the stratum corneum layer for vaccine delivery by using microneedles coated with influenza VLPs. Microneedle coating with influenza VLPs involves a drying process that requires a change of vaccine formulation from liquid to solid. The stability of influenza VLPs after microneedle coating was found to decrease significantly, as evidenced by a loss of hemagglutinin (HA) activity. The addition of trehalose to the coating buffer significantly improved the stability of influenza VLPs after microneedle coating. A single vaccination with microneedles coated with stabilized influenza VLPs provided protection superior to that provided by conventional intramuscular immunization or MN vaccination with the unstabilized VLP vaccines. Microneedle vaccination in the skin with influenza VLPs was more effective than conventional intramuscular virus-specific isotype antibody responses (IgG1, IgG2a, and IgG2b) were determined before and after challenge. Results are expressed as averages of optical density readings at 450 nm (OD 450 ) with 100-fold diluted serum samples in each group of mice (n ϭ 12). Groups of mice are described in the legend of Fig. 2 . Antibody titers are provided in Table 2 . a Virus-specific isotype antibody responses were determined and compared among groups before challenge. Titers are expressed as the highest dilution having a mean optical density at 450 nm greater than the mean value plus 3 standard deviations of naïve or mock-treated serum samples. Before, 6 weeks after a single-dose microneedle or intramuscular immunization (n ϭ 12); after, day 4 postchallenge (n ϭ 4). b MN, microneedle H1 VLP vaccine without trehalose; MNϩT, microneedle H1 VLP vaccine with trehalose; IM, reconstituted H1 VLP vaccine from microneedles without trehalose; IMϩT, reconstituted H1 VLP vaccine from trehalose-formulated microneedles; IM-intact, intramuscular immunization with unprocessed H1 VLPs.
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INFLUENZA VLP VACCINATION WITH MICRONEEDLES 7765 immunization in inducing humoral responses as well as enhanced recall immune responses, including functional antibodies and antibody-secreting cell responses. Overall, the results suggest that both HA stability and microneedle skin vaccination play important roles in providing protective immunity. The data in this study provide evidence that the maintenance of the functional integrity of HA plays a significant role in inducing protective immunity against influenza virus infection. Previous studies have reported the effects of influenza virus HA on host pathological and immunological responses. The HA of the 1918 pandemic strain of influenza virus was reported to contribute to its high virulence, as evidenced by induction of high levels of chemokines and cytokines and infiltration of inflammatory cells (31) . Inactivated whole influenza virus was shown to activate dendritic cells through the viral single-stranded RNA-mediated Toll-like receptor 7 (TLR7) pathway, and the fusion activity of HA was considered to be required due to its role in enhancing delivery of viral RNA (16) . With regard to the role of HA in activating B cells, inactivated influenza virus with an H2 subtype HA was able to induce B-cell proliferation, which is involved in signaling of the innate immune system (36) . The expression of class II cell surface I-E molecules on B cells was needed for the induction of B-cell proliferation by an influenza virus (3, 47) . In line with these previous studies with whole influenza virus, the receptorbinding activity of HA in inactivated influenza virus was found to be important for inducing effective T helper type 1 (Th1) immune responses (45) .
Because inactivated whole-virus or subunit vaccines contain many viral components including neuraminidase, singlestranded RNAs, and other viral molecules, it is difficult to define the effects of HA functional integrity on inducing protective immunity. Here, we found that maintaining the stability of influenza VLPs as determined by HA activity was more effective in inducing IgG2a isotype antibodies as a representative of Th1 immune responses, regardless of the vaccine delivery route. Activation of the innate immune system, such as MyD88-dependent or -independent TLRs or other signaling pathways, was shown to be important for inducing protective immune responses, including the induction of IgG2a antibody (20, 34, 39) . Therefore, this study suggests that the functional integrity of HA might be required for effective interactions with B cells, dendritic cells, and/or other cells to stimulate the innate immune system and to induce IgG2a-dominant-type immune responses.
Conventional intradermal (ID) immunization involves the delivery of vaccine antigens in liquid form and the initiation of an immune response just below the skin surface. However, despite many clinical studies (6, 11, 28, 50) , the detailed immunological advantages of influenza vaccination in the skin are not clear. Some studies reported vaccine dose-sparing effects by ID delivery compared to intramuscular immunization although low-dose intramuscular control groups were not included (6, 11, 28, 50) . A well-controlled clinical study suggested that ID immunization induced HAI titers similar to those induced by intramuscular injection with equivalent lowdose vaccines (7) although a study in the elderly showed higher HAI titers after ID vaccination (21) .
Vaccination of mice in the skin using solid microneedles coated with whole inactivated viruses at high doses (10 g) has shown protection comparable to that with intramuscular im- Serial dilutions of serum samples were incubated with infectious influenza viruses and percentages of PFU were determined. Neutralizing activities were expressed as the percentage of plaque reduction compared to the medium control. Significant differences were found among groups of mice: for neutralizing titers at both 270 and 810 dilutions for plaque reduction, P was Ͻ0.001 between MNϩT and other groups.
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QUAN ET AL. J. VIROL. munization (32, 52) , with IgG1 antibody as a dominant isotype (32) . However, these studies did not investigate the stability issues associated with the dried formulation of microneedle vaccines (32, 52) . A recent study confirmed that microneedle vaccination with inactivated virus in the absence of trehalose stabilization induced IgG1 as a dominant isotype antibody but there was a switch to IgG2a dominance using trehalose-stabilized antigen (45) . Similarly, the present results show that influenza VLPs delivered to the mouse skin using microneedles without trehalose stabilization elicited high levels of IgG1, whereas trehalose-stabilized formulations induce high levels of IgG2a. Therefore, we suggest that the maintenance of HA receptor binding activity might be important for inducing IgG2a isotype antibody responses, contributing to superior protection with a lower vaccine dose. Interestingly, a 3-fold higher dose of influenza VLPs delivered via microneedles could provide 100% protection even in the absence of trehalose stabilization, indicating that trehalose stabilization results in dose-sparing effects for microneedle vaccination. We suggest that the superior protection by skin vaccination with stabilized VLPs is probably due to higher levels of IgG2a antibodies as well as to rapid recall immune responses, including HAI titers, neutralizing activities, lung antibodies, and antibody-secreting cells. The induction of IgG2a antibodies has been demonstrated to be more effective than induction of other isotypes in clearing virus infection through multiple mechanisms, including activation of the complement system, stimulation of antibody-dependent cellular cytotoxicity, and clearance of opsonized virus by macrophages (24, 26, 37) . Therefore, the results from the present study suggest important roles of functional and probably structural integrity of HA in inducing superior protective immunity by microneedle vaccination with influenza VLPs.
The mechanisms by which microneedle vaccination induces superior immunity to that with IM immunization are unknown. It has been suggested that vaccine antigens delivered to the skin are more likely to be captured by antigen-presenting cells, such as Langerhans cells and dermal DCs, and transported to the draining lymph nodes for B cells to respond (12, 43, 51) . In contrast, antigens delivered into muscular tissue, which is relatively inefficient in capturing antigens by immune cells, are thought to be passively drained to the regional lymph nodes via the lymphatic conduits or bloodstream (28, 40) . Direct migration of antigens to the lymph nodes was demonstrated to be faster than transport via antigen-presenting cells capturing or loading the antigens (25, 40) . In support of this hypothesis, we found that higher antibody responses were detected at an early time point (week 1) postvaccination in the intramuscularly immunized groups (IMϩT and IM-intact) than in the group receiving microneedle vaccination (MNϩT). However, the kinetics of antibody production appear to be slower in the microneedle groups. Nevertheless, vaccines delivered to the skin were more effective than those administered by intramuscular injection in enhancing antibody levels after 2 weeks, resulting in the highest levels in the stabilized VLP microneedle vaccination group. Thus, it is likely that vaccine antigens delivered to the skin are effectively captured by cells which present antigens and effectively stimulate B cells.
In conclusion, we demonstrate that a single microneedle vaccination in the skin with stabilized influenza VLPs provides protection superior to that of conventional intramuscular immunization. The stabilization of influenza vaccines as measured by retention of the HA functional activity is an important were immunized with stabilized microneedle VLP vaccines (MNϩT) or with unprocessed influenza VLPs (IM-intact) and challenged with A/PR8 virus at week 7 after vaccination. To collect spleen cells, mice were sacrificed at day 4 postchallenge. Levels of IFN-␥ secreted into splenocyte culture supernatants were determined using a cytokine ELISA. Cells (1 ϫ 10 6 /well) from groups of mice (see legend of Fig. 2 for descriptions) were stimulated with A/PR8 HA-specific MHC-I and MHC-II peptides. MockϩCha, group administered microneedles with trehalose coating buffer only (without vaccine) after challenge.
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INFLUENZA VLP VACCINATION WITH MICRONEEDLES 7767 parameter in predicting vaccine efficacy. HA stabilization, combined with vaccination via the skin using vaccine formulated as a solid-microneedle patch (MNϩT), exhibited some advantages in the primary antibody response following an equivalent single-dose vaccination and showed more pronounced differences after lethal virus challenge: (i) 100% survival, when all other groups had Յ 40% survival; (ii) at least 26-fold lower lung viral titers than all other groups; (iii) at least 14-fold higher IgG2a levels than all other groups and 4-fold higher IgG1 levels than all non-microneedle groups; and (iv) at least 4-fold higher HAI titers, 3-fold higher neutralizing activities, and substantially higher levels of antibody-secreting plasma cells than all other groups. Altogether, this study shows that powerful rapid recall immune responses are enabled by microneedle vaccination in the skin. Combining the immunologic and logistic advantages associated with avoidance of hypodermic needles and syringes, potential for rapid distribution and administration of microneedle patches, and the versatility of VLPs as a vaccination modality, this study indicates that microneedle-based immunization using influenza VLPs could have a great impact on improving vaccination efficacy, coverage, and public health.
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